BACKGROUND: Whole-slide imaging in cytology is limited when glass slides are digitized without z-stacks for focusing.
INTRODUCTION
Whole-slide imaging applications in cytology are increasingly being adopted. 1 However, digital cytology has been somewhat limited in comparison with whole-slide imaging in surgical pathology. One of the main reasons is the inability to focus on cytology materials such as thick smears, obscuring material, 3-dimensional cell groups, overlapping cells, and even smears extending beyond the coverslip of a glass slide. [2] [3] [4] Moreover, navigating digital slides for screening and interpretation can also be difficult. The problem of substandard focus has been addressed by z-stacking (ie, vertical or z-axis scanning). This entails scanning a glass slide at different focal planes along the z-axis and stacking digitized images atop one another to produce a final composite (z-stack), multiplanar image. When viewing this image, the user can then zoom up and down these different planes to detect cellular material in focus. Whole-slide scanners that offer automated z-stack scanning currently take longer to acquire images and also generate large composite digital files. Some scanners permit z-stacking to be performed of just representative foci rather than the entire slide, and this may decrease the scan time and the file size. The Panoptiq digital-slide imaging system from ViewsIQ provides an alternative solution for imaging cytology slides. This imaging system allows users to manually create digital files that combine low-power panoramic digital images with regions of interest (ROIs) that have high-power z-stacks. With an existing light microscope and an attached digital camera, a Panoptiq image is created while a glass slide is being moved around the microscope stage. Image acquisition can occur with any objective, ranging from 32 to 3100 with oil immersion. This system uses high-frame rate videos to capture z-stacks and integrate them into digitally scanned slides.
The Panoptiq system has been successfully used for various clinical applications such as imaging peripheral blood smears, microbiology slides, and frozen tissue sections. [5] [6] [7] To the best of our knowledge, this technology has not been evaluated for use in cytopathology. Therefore, the aim of this study was to compare Panoptiq panoramic images with conventional whole-slide images and glass slides for screening and interpretation in cytopathology.
MATERIALS AND METHODS

Case Selection
This study was approved under the Institutional Review Board. Thirty archival glass slides were randomly selected. These cases included 10 ThinPrep Papanicolaou (Pap) tests and 20 nongynecologic cytology cases (15 fine-needle aspiration specimens and 5 fluid specimens 
Digital Imaging
All glass slides were digitized with an Aperio ScanScope XT (Leica) at 3 40 (0.25 lm/pixel) with 1 z-plane. Aperio whole-slide images were viewed with ImageScope software. All glass slides were also digitized by a senior cytotechnologist (J.C.) using the Panoptiq dynamic imaging system (Panoptiq 3; ViewsIQ, Richmond, BC, Canada Figs. 1 and 2 ). These zstacked (dotted) areas with multiple focal planes (frames, or a collection of images at different depths of field or focus) were pinned over the corresponding lower magnification panoramic image map. Each created z-stack generated an XML annotation file that was saved along with the image; this defined the position of the z-stack with respect to the scan and other annotations. Clicking on such a saved z-stack file played a short video showing all captured frames; this replicated the focusing action that was performed by the cytotechnologist with the microscope.
Screening and Interpretation
Before starting the study, all users were trained to use the digital imaging technology employed. Replicating the clinical workflow, the cytotechnologist was trained on each respective vendor's software: viewing whole-slide images, screening whole-slide images, performing virtual annotation, and capturing z-stacks (Panoptiq only). The cytopathologists' training included viewing whole-slide images cytopathology boards) compared glass slides and Panoptiq and Aperio digital slides. Cytopathologists were provided with the same clinical history (eg, patient age, anatomical location, and clinical presentation) for all cases. For each case, the specimen's adequacy, the diagnosis, and the time to reach a final interpretation were documented. The slide quality, which was graded from 1 to 10 (where 10 is best), the confidence level of the diagnosis, which was scored from 1 to 10 (where 10 is best), and any associated issues (eg, technical problems) were also recorded.
Statistical Analysis
Significance testing was performed with IBM SPSS Statistics 22.0 software. The paired t test was used to compare the quality rank, confidence rank, and time that each reviewer spent on each case (P values .05 indicated significant differences). The Pearson chi-square test was used to compare the percent agreement of the Panoptiq and Aperio systems with glass slides (P values .05 indicated significant differences).
RESULTS
All Cytopathology Cases
Screening time
The average time that the cytotechnologist spent screening the cases is shown in Table 1 . The cytotechnologist spent an average of 2 minutes per glass slide (with 3.8 minutes for gynecologic slides and 1.1 minutes for nongynecologic slides). The Panoptiq images took 5.5 times longer on average, with 11 minutes spent per case versus 2 minutes for glass slides (P .001). Gynecologic Panoptiq images took 6.4 times longer to screen than glass slides (24.5 vs 3.8 minutes; P .001), and nongynecologic Panoptiq images took 3.8 times longer than glass slides (4.2 vs 1.1 minutes; P .001). Aperio whole-slide images took 1.8 times longer for the cytotechnologist to screen than the glass slides, with 3.5 minutes spent per case versus 2 minutes for glass slides (P .001). Gynecologic Aperio images took 1.9 times longer to screen (7.3 vs 3.8 minutes; P .001), and nongynecologic Aperio images took 1.5 times longer (1.6 vs 1.1 minutes; P 5 .004).
Quality
The average quality assessment for each image type, selected from a 10-point scale, is shown in Table 2 . Only 1 reviewer (reviewer 4) assessed images similarly across the 3 technologies. Reviewer 3 indicated significantly lower quality for both Panoptiq images (8.8 vs 9.8; P .001) and Aperio images (9.2 vs 9.8; P 5 .006) in comparison with glass slides. Reviewers 1 and 2 each indicated perfect quality assessments for glass slides and significantly lower quality for Aperio. Reviewers 1 and 2 also provided a quality assessment of Panoptiq images that was not statistically significantly different from the assessment of the glass slides.
Diagnostic confidence
Each reviewer's assessment of confidence, selected from a 10-point scale, is shown in Table 3 . Reviewer 1 was the only reviewer who indicated a statistically significant difference in the confidence assessment. That reviewer felt less confident with Panoptiq images (8.7 vs 10; P 5 .001) and Aperio whole-slide imaging (9.7 vs 10; P 5 .016) in comparison with glass slides.
Diagnostic concordance
The results for the diagnostic agreement between the different image types are shown in Table 4 . The cytopathologists' diagnostic concordance was not found to be statistically significantly different between all 3 modalities (95% confidence level; Fig. 3 ). The agreement between glass slides and Panoptiq images ranged from 87% to 97% among the reviewers. The agreement between glass slides and Aperio images ranged from 90% to 100% among the reviewers. All the reviewers showed equal or higher agreement with Aperio images. However, only 1 reviewer had a significantly higher proportion of agreement between Aperio images and glass slides versus Panoptiq images and glass slides (P 5 .038). Discrepancies were largely due to undercalled diagnoses with digital images. For example, in case 8, 3 reviewers with the Panoptiq system and 1 reviewer with the Aperio system diagnosed atypical squamous cells, cannot exclude high-grade squamous intraepithelial lesion, whereas the original glass-slide diagnosis was interpreted as a high-grade squamous intraepithelial lesion. Another example of undercalling the original diagnosis is illustrated in case 3, in which the glass-slide diagnosis included a low-grade intraepithelial lesion and trichomoniasis; however, the reviewers (Panoptiq, n 5 3; Aperio, n 5 2) interpreted the digital-slide diagnosis as negative for intraepithelial malignancy but identified the Trichomonas species. For case 2, the original glass-slide diagnosis was a high-grade squamous intraepithelial lesion; 1 reviewer's interpretation was atypical squamous cells, cannot exclude high-grade squamous intraepithelial lesion on both digital systems, and another reviewer's diagnosis was atypical squamous cells of undetermined significance on the Aperio system. Total discrepancies were fewer for the nongynecologic digital slides than the gynecologic ones (3% vs 15%) and predominantly were related to too few z-stacks being captured on the Panoptiq system or out-of-focus scans for the Aperio whole-slide images (Table 5) .
Gynecologic Specimens Versus Nongynecologic Specimens
Quality
One of the 4 reviewers assessed the quality of gynecologic cases to be statistically significantly lower with Panoptiq versus glass slides, whereas the other 3 reviewers did not have significantly different quality scores for Panoptiq digital slides. Half of the reviewers assessed the quality of gynecologic cases as statistically significantly lower with Aperio versus glass slides. Only 1 reviewer rated the quality of nongynecologic cases to be significantly lower with 
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Panoptiq versus glass slides. None of the quality assessments of nongynecologic cases using Aperio were significantly different from the assessments using glass slides.
Diagnostic confidence
Two reviewers rated their diagnostic confidence for gynecologic cases to be statistically significantly lower with Panoptiq and Aperio versus glass slides. None of the reviewers provided statistically significantly different confidence ratings for nongynecologic specimens when Panoptiq or Aperio images were compared with glass slides.
Diagnostic concordance
No difference in concordance was shown to be statistically significantly between gynecologic and nongynecologic cases for all modalities.
DISCUSSION
When evaluating a cytology case, cytologists are required to both screen and interpret all of the material on a slide. LGSIL, low-grade squamous intraepithelial lesion; NILM, negative for intraepithelial malignancy; Pap, Papanicolaou; TP, touch preparation. Each reviewer interpreted a glass-slide diagnosis and 2 digital diagnoses (one with a whole-slide image captured on the Panoptiq system and another with a whole-slide image captured on the Aperio whole-slide scanner). Interobserver discrepancies are indicated with an "XX" under each respective reviewer for each glass-slide diagnosis; intra-observer discrepancies are indicated with an "X" for each modality. Cases 1 to 10 include all gynecologic slides (ThinPrep Pap tests), and cases 11 to 30 include all nongynecologic slides (fine-needle aspiration).
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Cytologists are trained and acquire experience in performing these tasks with glass slides. However, with digital slides, there are unique challenges when they are trying to replicate these tasks. Screening requires easy navigation of digital slides and the ability to mark (dot) slides. Interpretation requires the digital image to reliably capture all of the material present on the glass slide, to be of good quality (eg, resolution and color), and to allow the user to focus on selected ROIs to examine the cytomorphology in detail.
A limited number of studies have examined the importance of z-stacking with digital slides. Donnelly et al 3 proposed that 3 z-planes at 1-lm intervals would be sufficient for SurePath Pap test sides. Yamashiro et al 8 from
Japan previously used video microscopy to overcome focus problems: they played multiframe video images (so-called z-axis videos) back and forward to help users "focus" on cytology material. The Panoptiq imaging system uses related technology. Because Panoptiq images incorporate only a few z-stacked ROIs for each slide, the file sizes are considerably smaller than those for multiplanar whole-slide imaging. The overall data from this study show that both uniplanar (1 z-plane) Aperio whole-slide imaging and digital images generated with the Panoptiq imaging system are suitable for cytopathology screening and interpretation. The Panoptiq system permits a digital image to be manually constructed with multiple magnifications, with zstacks of representative foci embedded in the file as a recorded video that can play back consecutive frames at different focal planes. Although ROI z-stacks with Panoptiq images do offer a novel mechanism for overcoming focusing problems commonly encountered with digital cytology slides, z-stacking was not essential for rendering an accurate diagnosis for all of the cases. This study shows that the time required to screen and subsequently review a slide is significantly longer with both Panoptiq and Aperio images versus glass slides. The Panoptiq images took longer to screen because the cytotechnologist had to manually generate the images for each case. Limited computer processing capability and/or network bandwidth may further slow image generation and/ or viewing. Several other studies have compared screening times of glass and digital cytology slides. [9] [10] [11] One study demonstrated that for the screening of SurePath slides, the average time was 18 minutes for whole-slide images and 8 minutes for glass slides. 12 In this study, however, the diagnostic accuracy was the same for digital and glass microscopy. A prolonged time to screening and interpreting digital slides is frustrating for users and may hinder their adoption of current digital imaging technology. 13, 14 Interestingly, Vodovnik 15 demonstrated that when the entire workflow related to sign-out sessions is incorporated, the digital diagnostic time is in fact shorter than the time needed for signing out cases with conventional light microscopy. A time and motion study also showed up to a 13% increase in pathologist's productivity. 16 This may be due to the decreased time for case assembly, the retrieval of archived cases, and case queries; the physical distribution of materials; better ergonomics for reporting; a larger viewing field; and enhanced diagnosis workflow capabilities. Cost is also important to evaluate when one is considering these 2 technologies. The Panoptiq system requires a microscope, camera, computer, and software, whereas the whole-slide imaging solution requires a whole-slide scanner, computer, and software. Maintenance costs are relevant for both solutions. Most reviewers felt that for Pap test cases, Panoptiq's image quality was equivalent to that of glass slides. However, the perceived quality of whole-slide imaging for gynecologic cases was significantly lower in comparison with glass slides. This may be related to the fact that we did not use z-stacking with Aperio whole-slide images. On the other hand, quality ratings for nongynecologic cases with Aperio and Panoptiq images were equivalent to ratings with glass slides for all reviewers. Cytologists noted that they were unable to reliably examine the entire Panoptiq image if the material was captured on the glass slide only at a relatively low resolution (ie, magnification, 3 10). In addition, when using digital screening and virtual dotting of Panoptiq images as z-stack recordings, users were able to drag annotations away from their actual position on the digital image in the software used at the time of this study. This could lead to interpretation errors or inaccuracies when one is locating diagnostic cellular clusters while reviewing glass slides. Because of our feedback, the vendor fixed this in a later update of its software. Other issues included the inability of the software to stitch higher magnification areas with low cellularity because of excess dead space on the slide. This was particularly problematic for cases in which the cytopathologists felt that the z-stacked areas were limited or were not representative of diagnostic regions, especially for cases such as Pap tests that were normal. Similar issues have been previously reported with Panoptiq images during the evaluation of frozen sections. 7 This may explain why 2 reviewers felt more confident with Original Article their final diagnoses for ThinPrep Pap tests when they were using glass slides. However, this was not observed for nongynecologic cases in our study, for which the diagnostic confidence ratings for both Aperio and Panoptiq digital slides were equivalent to those for glass slides for all reviewers.
In summary, this study shows that by allowing zstacked ROIs to be embedded into digital slides, the Panoptiq imaging system offers a feasible solution for screening and interpreting cytology slides. However, the use of this technology is operator-dependent. Therefore, for optimal results, an experienced cytologist who is well trained in using this system is required to create digital files.
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